We demonstrate here an extremely simple, compact and robust RI probe sensor based on a femtosecond-laser induced refractive-index-modified-dot (RIMD) fabricated near the end face of a single mode fiber. The RIMD and the fiber end face form a Fabry-Perot interferometer, which is highly sensitive to surrounding RI. The fabrication process of the RIMD involves only one step and takes ~0.1s, which is extremely short compared with other techniques. The proposed sensor exhibits an ultrahigh sensitivity of ~2523.2 dB/RIU at an RI of 1.435, which is 1-2 orders of magnitude higher than that of the existing intensity-modulated RI sensors. Moreover, the proposed sensor has the distinct advantages of compact size (~50 µm), easy fabrication and no temperature cross-sensitivity. The advantages of the device make it a promising candidate for applications in designing highly sensitive sensors in biochemical and environmental measurement field. Optical fiber Fabry-Perot interferometers (FPIs) are attractive as RI sensors because they are compact, have high fringe visibility, high RI sensitivity and are simple to fabricate. Various fiber in-line FPI structures have been proposed. Currently, fiber in-line FPIs are mainly manufactured by fusion splicing different types of fibers together, such as photonics crystal fiber[1] and capillary tube [2]. However, these splicing methods have problems such as mode mismatch between the different parts, the splice being easily broken, and it being difficult to achieve good reproducibility due to the manual operation. Meanwhile, the use of expensive specialty fibers increases the cost of the sensors. Another method to fabricate fiber in-line FPI is to pretreat the end surface in advance, for example using chemical etching [3], multiple splicing arcs[4], or by coating a thin film or wafer [5, 6]. However, these approaches increase the number of manufacturing steps and the fabrication time. Moreover, the above methods have some inherent challenges. For example, it is difficult to predict or control the length of the cavity precisely and it requires a series of complicated fabrication processes such as assembling multiple components together, precise cleaving and correct arc conditions. In addition, many of those FPIs are rather fragile and have poor robustness. Recently, a direct femtosecond laser (fs-laser) or UV laser micromachining method has also been applied to fabricate air-gap cavities to produce a fiber in-line FPI [7][8][9][10]. For fs-laser micromachining, the length of the cavity can be controlled precisely but these devices have very poor mechanical properties and are susceptible to interference effects from things such as bending, or need an extra arc discharge to smooth the inner wall of the microchannel, which makes the fabrication process complicated and time-consuming. With UV laser micromachining, however, it is also hard to control the length of the cavity precisely and it requires additional fusion assembly [10].
Optical fiber Fabry-Perot interferometers (FPIs) are attractive as RI sensors because they are compact, have high fringe visibility, high RI sensitivity and are simple to fabricate. Various fiber in-line FPI structures have been proposed. Currently, fiber in-line FPIs are mainly manufactured by fusion splicing different types of fibers together, such as photonics crystal fiber [1] and capillary tube [2] . However, these splicing methods have problems such as mode mismatch between the different parts, the splice being easily broken, and it being difficult to achieve good reproducibility due to the manual operation. Meanwhile, the use of expensive specialty fibers increases the cost of the sensors. Another method to fabricate fiber in-line FPI is to pretreat the end surface in advance, for example using chemical etching [3] , multiple splicing arcs [4] , or by coating a thin film or wafer [5, 6] . However, these approaches increase the number of manufacturing steps and the fabrication time. Moreover, the above methods have some inherent challenges. For example, it is difficult to predict or control the length of the cavity precisely and it requires a series of complicated fabrication processes such as assembling multiple components together, precise cleaving and correct arc conditions. In addition, many of those FPIs are rather fragile and have poor robustness. Recently, a direct femtosecond laser (fs-laser) or UV laser micromachining method has also been applied to fabricate air-gap cavities to produce a fiber in-line FPI [7] [8] [9] [10] . For fs-laser micromachining, the length of the cavity can be controlled precisely but these devices have very poor mechanical properties and are susceptible to interference effects from things such as bending, or need an extra arc discharge to smooth the inner wall of the microchannel, which makes the fabrication process complicated and time-consuming. With UV laser micromachining, however, it is also hard to control the length of the cavity precisely and it requires additional fusion assembly [10] .
In this paper, we propose and demonstrate an ultra-sensitive and extremely simple and robust RI probe sensor based on in-fiber refractive-index-modified-dot (RIMD) induced by femtosecond laser. The RIMD and the end-face of the cleaved single mode fiber (SMF) form a composite-cavity FPI. It can simultaneously measure temperature alongside exhibiting ultra-high RI sensitivity of ~2523.2 dB/RIU at the refractive index of 1.435, which is at least 10 times higher than previous reported results. The laser fabrication process takes only about 0.1s, which lends itself to efficient manufacture. Furthermore, compared with wavelength modulated FPIs, our filling-free intensity modulated FPI is more reliable and attractive due to its insensitivity to bend, no temperature cross-sensitivity and no need for expensive wavelength demodulation equipment. Our further analysis and experiments also reveal two ultra-sensitive zones for such a structure, which may have great significance for sensing application. To fabricate the RIMD, fs laser pulses (520nm, 350fs, 200kHz) were focused into the optical fiber through an objective lens (Olympus,40X/0.65). The reflection spectrum of the FPI during fabrication processing can be monitored in real time through a spectral monitoring system, which consists of a broadband light source (BBS), an optical circulator, and an optical spectrum analyzer (OSA, AQ6370) with 0.02nm spectral resolution. An online CCD camera monitoring system was employed to record sample images during the fabrication. A standard SMF (YOFC, Ltd.) was used in our experiments.
The fabrication of the device is quite straight-forward. The SMF with a well-cleaved end is first mounted on a highly-precision, computer-controlled 3-D translation stage (Newport, Inc.). After the fiber is positioned correctly, one can open the shutter (with ~100ms exposure time) to induce a RIMD in the fiber. The actual fs laser energy used for our fabrication was approximately 1.8µJ/pulse. The top and the side view of microscope images of a fabricated device are shown in Fig. 1(b) -(c). The effective diameter of the RIMD was ~ 4µm. The distance between the center of the RIMD and the end face of fiber was 50µm.
We investigated the response of the sensor to surrounding RI using sucrose solutions with different concentrations. After each measurement, the sensor head was carefully cleaned with alcohol to eliminate the residual test liquid on the end face of the fiber until to recover its original spectrum in air for next RI test. The response of the FPI probe to the surrounding RI was shown in Fig. 2(a) . The free spectrum range (FSR) of the interference fringes is ~16nm, and thus the corresponding cavity length can be calculated by
(the RI of the core co n =1.46), which is very close to the designed value. This indicates that the length of the cavity can be predicted and controlled precisely. It can be seen in Fig. 2(a) that the intensity of the reflection spectrum decreases gradually when the RI increases from 1.000 (air), 1.333 (water) to 1.435 (sucrose solution) and it is interesting that the visibility of the interference fringes increases gradually at the same time. The initial visibility is only ∼0.8 dB when the device is in the air. However, when the probe is in the liquid (RI > 1.33), the visibility increases with the RI increasing and it reaches more than 20.7dB at the RI of 1.435. The light propagating in the fiber and reflected by the three mirrors will generate a three-wave FPI pattern in fiber. The interference pattern consists of both broad fringes and fine fringes that result from the interference of light inside the composite cavity formed by mirrors 1, 2 and 3. The strength of the interference fringes can be modeled using the following threebeam optical interference equation [10] ( ) ( 
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Here dot n is the refractive index of the RIMD, ex n is the RI of the measured liquid. Typically the value of n ∆ induced by fs lasers is ~0.01 [11] .
there is aπ phase shift at reflection Mirror 3. From Eq. (1), the fine fringe visibility V can be derived as: 
R A R +
, V will increase to ~1, which means maximum visibility can be obtained. In order to illustrate this visually, we can simulate the evolution of the reflection spectra of the RI sensor at various RI based on equations (1) and (2) by calculating the normalized reflection spectrum from 1490nm to 1660nm with 1 α = 2 α =0.06, 1 γ = 2 γ = 0.01, n ∆ = 0.01, co n = 1.46, respectively. The calculated reflection spectra under various surrounding RIs are shown in Fig. 2(b) . Comparing Figs. 2(a) and (b), it is clearly seen that the simulated spectra are in good agreement with the experimental spectra. The strength of the dip of any of the fringes can be used as a RI indicator. Fig. 3(a) shows the strength of the 1578m dip as a function of the surrounding RI for both experimental measurement and the simulation. It is noted in Fig. 3(a) that the dip intensity of the interference fringe decreases rapidly with the increase of the surrounding RI. The fitting curves adopted in Fig.  3 (a) use rational fitting ( Fig. 3(b) presents the comparison of the RI sensitivities measured in the experiment and the ones calculated in the simulation. It is obvious that the experimental results exhibit high consistency with the simulated results. The sensitivity of the fringe dip intensity to the surrounding RI is found to be ∼2523.3 dB/RIU at the RI of 1.435. Given 0.001dB power resolution of the OSA, an ultra-high RI resolution of 4.0×10 -7 RIU could be achieved at the RI of 1.435. To our best knowledge, this is the highest RI resolution and also the highest RI sensitivity obtained for RI sensors based on intensity measurement to date. Table 1 compares our RI sensor with the existing fiber-optic RI sensors based on intensity modulation. More interestingly, we find two extremely sensitive zones for RI sensing where V~1. To explore this, Fig. 4 shows the relationship between the effective reflectance (i.e. In order to verify the existence of these two extremely sensitive zones for RI sensing predicted by analysis, we experimentally tested the proposed sensor under higher surrounding RI. The close-up of the measured reflection spectra in regions II -IV for various RI values are shown in Figs. 5(a)-(c), respectively. It is clearly seen the spectral response trends agree well with the ones predicted. It is also experimentally verified the existence of the π-phase shift due to the half-wave loss. Fig. 5(d) shows the variation of the measured intensity of the interference fringe dip at wavelength~ 1578nm (for RI<1.46) or 1570nm (for RI>1.46) as a function of the surrounding RI. And the measured intensity changes rapidly near the RI of 1.438 and 1.482, which means two ultra-sensitive zones are experimentally verified. The ultrasensitive zones provide a highly-sensitive measurement for RI sensing and should find some important applications in practical environmental, chemical and biochemical sensing applications. We further investigated the temperature response of the proposed RI sensor by mounting it on a hotplate. With increasing temperature, the reflection spectrum of the sensor hardly changed except for the whole spectrum slightly shifting to a longer wavelength. Fig. 6 shows the temperature response of the dip at ~1578nm, whose spectra was measured during the heating process is also illustrated in the inset. It is clearly seen that the wavelength of the sensor shifted toward a longer wavelength as temperature increased (with a sensitivity of 11.21pm/°C), while the dip intensity of the interference fringe hardly changed (<0.02dB), indicating that the dip intensity of the interference fringe is insensitive to temperature. Since the temperature information can be independently decoded from the wavelength shift of the fringe pattern, our proposed RI sensor can achieve simultaneous measurement of RI and temperature, and thus solve the cross-sensitivity problem between temperature and surrounding RI. As the RI of a liquid is usually temperature dependent, the simultaneous measurement is extremely advantageous since the concentration of a solution for chemical sensing is then known. The wavelength of the interference fringe dip of our FPI sensor is completely insensitive to the surrounding RI, so the temperature can be monitored easily.
In conclusions, an in-line fiber intensity modulated RI sensor based on an FPI formed by inducing a refractive-index-modified-dot in a fiber using a fs laser has been demonstrated in this paper. The developed device has very favorable characteristics and numerous advantages. Experimental results show that such a FPI probe sensor exhibits an ultra-high resolution of 4.0×10 -7 RIU and an ultra-high sensitivity of 2523.2dB/RIU at the refractive index of 1.435, which is at least 10 times higher than the other intensity modulated RI sensors reported previously. Moreover, the probe can also be used to monitor temperature with a sensitivity of ~11.21pm/°C, which allows a simultaneous measurement of the surrounding RI and temperature. Moreover, our theoretical analysis reveals the existence of two ultra-sensitive zones for RI sensing for each device, which is also verified experimentally. To the authors' knowledge, it is the first time that this important phenomenon in FPI sensors is revealed. These excellent features of the device in addition to such merits as ultra-high sensitivity, low cost, a simple and compact structure, high reproducibility, good robust, time-saving in fabrication and the ability to overcome the temperature cross sensitivity make it a very promising candidate in practical environmental, chemical and biochemical sensing applications.
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